However, little is known on the regulation of the genome during differentiation of ESC to cardiomyocytes. Here, we characterize the transcriptome of the mouse ESC line CM7/1 during differentiation into beating cardiomyocytes and compare the gene expression profiles with those from primary adult murine cardiomyocytes and left ventricular myocardium. We observe that the cardiac gene expression pattern of fully differentiated CM7/1-ESC is highly similar to adult primary cardiomyocytes and murine myocardium, respectively. This finding is underlined by demonstrating pharmacological effects of catecholamines and endothelin-1 on ESC-derived cardiomyocytes. Furthermore, we monitor the temporal changes in gene expression pattern during ESC differentiation with a special focus on transcription factors involved in cardiomyocyte differentiation. Thus, CM7/1-ESC-derived cardiomyocytes are a promising new tool for functional studies of cardiomyocytes in vitro and for the analysis of the transcription factor network regulating pluripotency and differentiation to cardiomyocytes. microarrays; differentiation; comparative transcriptome CELL TRANSPLANTATION WAS DISCUSSED recently as an alternative treatment for heart failure. The transplantation of adult stem cells of different sources has been performed in the clinical setting with limited success (14) . Moreover, the transdifferentiation of adult bone marrow stem cells to cardiomyocytes (23) following cell transplantation into the heart was shown to be a rare event (29, 33, 54) and beneficial effects on cardiac performance appeared to be low and not sustained (24) . Embryonic stem cells (ESC) are pluripotent cells derived from the inner cell mass of the mammalian blastocyst. They are capable of self-renewing and can differentiate into a variety of cell lineages in vitro, including cardiomyocytes (50) , which is manifested by the appearance of spontaneously and rhythmically contracting cell clusters. Cardiac myocytes derived from ESC were also used for experimental cell therapy and transplanted into infarcted mouse ventricular myocardium (7, 16, 36) . However, ESC-derived cardiomyocytes have not been used in clinical trials yet due to an increased tumor risk, immunological issues, and ethical concerns. However, ESC cultures provide a valuable source for the analysis of pluripotency regulation and cardiomyocyte differentiation.
We demonstrated previously that confluent cardiomyocyte monolayers could be obtained from the genetically engineered murine ES cell line CM7/1, which carries a construct comprising the cardiac ␣-myosin heavy chain promoter driving the expression of the neomycin-phosphotransferase gene mediating neomycin resistance (55) . Antibiotic-driven cardiomyocyte enrichment leads to synchronously contracting cells with myocyte-specific immunohistochemistry of Ͼ99% purity without the need of contaminating feeder layer cells (52) . CM7/1 cells can also be cultivated in spinner flask cultures or bioreactors (42, 53) . Thus, CM7/1 cells provide an excellent source for the analysis of cellular networks leading to cardiomyocyte specification and differentiation. We therefore focused our analysis also on the transcription factors regulated during differentiation of the CM7/1 mESC.
However, little is known on the regulation of the CM7/1-transcriptome during the differentiation to cardiomyocytes. Here we provide data on changes of the human transcriptome during the differentiation from undifferentiated pluripotent CM7/1 toward cardiomyocytes. We compared our data to gene expression patterns of isolated adult murine cardiomyocytes (mAC) and murine left ventricular myocardium (mHeart). Temporal changes in the gene expression pattern of the ESC cultures during the differentiation process were analyzed by self-organizing maps (SOM). Quantitative real-time PCR (qRT-PCR) was used to verify expression profiles determined by SOM analysis of microarray data. Furthermore, we functionally characterized the differentiated ESC-derived cardiomyocytes and found positive chronotropic effects of catecholamines and endothelin-1.
MATERIALS AND METHODS
Cell culture and tissue preparation. The genetically engineered mouse ESC line CM7/1 was derived from J1 ESC cells (strain 129S4/Jae; ATCC# SCRC-1010) carrying a construct consisting of the cardiac ␣-myosin heavy chain promoter driving the neomycinresistance gene as previously reported (55) . ESC-CM7/1 cells were cultivated with leukemia inhibitory factor (LIF)-containing medium to preserve pluripotency until confluence (43, 49) . Withdrawal of LIFinduced ESC differentiation and embryoid body (EB) formation in spinner cultures after 3 days. Selection with geniticin G418 (Invitrogen/GIBCO, Carlsbad, CA) after 11 days leads to formation of beating cardiac bodies (CB), from which isolated cardiomyocytes can be derived by trypsinization. Chronotropy of isolated cardiomyocytes was analyzed by addition of increasing amounts of isoprenaline and terbutaline and counting the number of beats per minute. Nonlinear regression was performed using Prism 5.0 (GraphPad Software, San Diego, CA) for the analysis of concentration response relationships. mAC were isolated by retrograde perfusion of mouse hearts derived from the 129S1 strain with an enzyme solution as described previously (38) . We isolated left ventricular myocardium from 129S1 mice after cardiac puncture and rinsing the organs twice with PBS.
RNA isolation and Affymetrix microarrays. Total RNA of either cultured cells or myocardial tissues was isolated with the Qiagen RNeasy kit. The quality of the obtained RNA was checked using the Bioanalyzer 2100 (Agilent).
Reverse transcription of 1 g of total RNA and subsequent in vitro transcription of resulting cDNA as well as biotin labeling and microarray hybridization was carried out according to standard protocols of the manufacturer (Affymetrix User Guide). We used Affymetrix MOE430A arrays for whole genome transcriptome analysis. Microarray expression data were analyzed using Genedata Expressionist Analyst Pro Software version 4.0.5 and R (http:// www.r-project.org). Normalization was performed using the robust multiarray average (RMA) algorithm as implemented in Bioconductor (http://www.bioconductor.org). There are four stages to RMA. First, probe set data from all arrays are simultaneously normalized with quantile normalization, which eliminates systematic differences between GeneChips, without significantly altering the relative intensity of probes within a GeneChip. Second, mean optical background level for each array is estimated, and the intensity for each probe is adjusted to remove this. Third, the normalized, background-corrected data are transformed to the log2 scale. Finally, a median-polish procedure is used to combine multiple probes into a single measure of expression for each gene on each array.
Multivariate principal component analysis (PCA) was used to describe the association between gene expression and sample phenotype. PCA was used as a mathematical technique that exploits these factors to pick out patterns in the data, while reducing the effective dimensionality of gene expression space without significant loss of information. Thus, PCA is a technique that provides a projection of complex data sets onto a reduced, easily visualized space.
Cluster analysis. Significantly deregulated genes were identified in an unsupervised fashion based on the coefficient of variation. RMAnormalized expression values were taken as the basis with which to compute the coefficient. Subsequently, genes with the highest coefficients were selected. Gene clusters presenting similar time-dependent expression profiles were identified using unsupervised, SOM clustering with a maximum of 50 iterations. SOM clustering can be used to partition expression profiles into clusters of similar items. It is more powerful than hierarchical clustering in cases where many profiles have to be grouped into clusters. It uses a deterministic iterative algorithm that starts with a random and arbitrary number of cluster centers. We have chosen 3 ϫ 3 clusters because this was the maximum number of clusters that still allowed interpreting all clusters biologically. A smaller number would have omitted clusters with interpretable profiles. We refrained from using a larger number of clusters, because this introduced additional clusters, which could not be explained biologically. Distance metrics were calculated using Pearson correlation coefficients based on RMA-normalized expression values. SOM analysis focuses attention on the patterns rather than on absolute levels of gene expression. Using Genedata Expressionist software (Genedata, Basel, Switzerland), we chose a SOM 3 ϫ 3 grid to minimize both the variance within individual clusters and the redundancy of similar clusters while maintaining profiles that reflect altered gene expression patterns throughout differentiation. We tried to identify time-shifted profiles by taking the representative profile from the 3 ϫ 3 SOM clustering and looking for similar profiles (shifted by t within [Ϫ3; ϩ3]). Similarity of the time-shifted profiles was judged according to Pearson correlation. However, we could not identify any additional profile that was not yet a member of the cluster corresponding to the representative profile. We refrained from using Fourier-transform bases analysis techniques, because such an analysis would assume periodicity within the data. The given experiment, however, does not have periodic character but drives stem cells into a cardiomyocyte-like state (directional character).
We performed hierarchical clustering to partition the profiles based on the results. K-means clustering was tried as well but did not yield satisfactory results.
Using the coefficient of variation, 50 transcription factors (TF) with the strongest variation over time and stimuli were selected and used for hierarchical clustering.
RT-PCR. The differential expression of selected genes identified by oligonucleotide arrays was confirmed by qRT-PCR with the TaqMan protocol using an ABI Prism 7700 sequence detection instrument. Briefly, 1 g of total RNA was digested with DNase I and reverse transcribed into cDNA using Superscript-II RT-PCR kit (Invitrogen). 2.5% of each cDNA was taken for amplification using the TaqMan Universal Master Mix (Eurogentec, Cologne, Germany) and the following PCR protocol: denaturation 15 s at 94°C, annealing and extension 1 min at 60°C, 40 cycles. DNA sequences of PCR primers and labeled probes were designed by Primer Express 1.5 software (Applied Biosystems, Foster City, CA) and available from the authors upon request. Concentration of primers was 300 nmol/l and of labeled probes 150 nmol/l, respectively. Comparable amplification efficiencies for all primer/probe sets were checked by standard dilution curves. Threshold cycle (Ct value) correlates inversely with target mRNA level. Ct values were corrected for ribosomal protein L32, ␤2-microglobulin, and ␤-actin mRNA levels to exclude different starting amounts of total RNA. Expression was calculated from the formula: expression ϭ 2 (20ϪdCt) , where dCt is the difference in Ct value between the gene of interest and the reference gene. We observed that the calculated expression level between different samples was independent of the housekeeping gene used, indicating that the mRNA expression level of ribosomal protein L32, ␤2-microglobulin, and ␤-actin is not significantly different between samples from ESC cultures, primary mAC, and mHeart, respectively. Therefore all mRNA expression data were normalized to the mRNA of ribosomal protein L32. The gene expression data are given as representative result of three independent experiments.
RESULTS
We have developed cardiomyocytes from murine ESC and compared their pharmacological to rat adult cardiomyocytes and human cardiac muscle preparations published previously.
Pharmacological characterization of ESC-derived cardiomyocytes. We differentiated the murine cell line CM7/1 according to the procedure published previously (Fig. 1) (55) . After 7 days in culture, beating EB were observed. Addition of G418 to the culture medium at day 11 led to enrichment of cardiomyocytes and the formation of beating CB. After trypsinization isolated cardiomyocytes were plated on cell culture dishes. Adherent cells were pharmacologically characterized with increasing concentrations of endothelin-1, the nonselective ␤-adrenoceptor agonist isoprenaline, and the ␤2-adrenoceptor selective ligand terbutaline (Fig. 2) . We found positive chronotropic effects for endothelin-1 and the ␤-adrenoceptor agonists, which were fit by nonlinear regression (Fig.  2) . The log-EC 50 for endothelin was Ϫ8.1 and for isoprenaline Ϫ8.7 (Hill slope 0.68), which is in the range of previously reported data on murine ESC-derived cardiomyocytes (Ϫ7.3) (1), isolated adult rat cardiomyocytes (Ϫ8.4) (13), or human atrial trabeculae (Ϫ8.6) (25), respectively. The log-EC 50 for terbutaline was Ϫ5.34, which is comparable to pD2 values found in human ventricles (5.8) (41) (pD2 being defined as the negative logarithm of the molar concentration of an antagonist necessary to inhibit the maximal concentration by 50%).
Temporal gene expression pattern during differentiation of ESC to cardiomyocytes. In a time-course experiment total RNA was isolated from CM7/1 cells at seven different time points during differentiation and hybridized to Affymetrix MOE430A arrays (culture days given in parenthesis): (d0) pluripotent CM7/1 cells, (d3) EB 3 days after LIF withdrawal, (d7) day 7 EB, (d10) day 10 beating EB before G418 selection, (d12) CB immediately after G418 selection, (d14) CB comprising enriched cardiomyocytes, (d17) seeded, isolated cardiomyocytes. Data were registered in the EBI ArrayExpress database under the accession number E-MEXP-1405.
The transcriptome of ESC differentiated into cardiomyocytes was compared with those of adherent mAC and mHeart. We used a PCA to compare the overall similarity of the gene expression patterns at various stages of the ESC culture with those of mAC and mHeart (Fig. 3A) . The PCA revealed that the gene expression pattern of mESC-derived cardiomyocytes approaches very closely to that of mAC during the course of differentiation and selection. Surprisingly, the gene expression pattern of differentiated ESC-derived cardiomyocytes appeared to be highly similar to that of isolated adult cardiomyocytes and even to murine myocardium.
However, some striking differences were found between mESC-derived cardiomyocytes, adult cardiomyocytes, and murine myocardium, respectively. SOX17, which was found to be essential for specification of the cardiac mesoderm, was detectable in the myocardium, whereas we did not find evidence for its expression in mAC or isolated ESC-derived cardiomyocytes, respectively. On the other hand, activating transcription factor (ATF) 3 and FosB were detected in isolated murine adult and ESC-derived cardiomyocytes but not in the myocardium. ATF3 was identified as a stress response gene (34) and negative regulator of the Toll-like receptor and was reported to play a cardioprotective role (32) . FosB was previously reported to be involved in hypertrophy regulation and matrix metalloproteinase-2 transcription (3, 39). Interestingly, CDH11, belonging to the cadherin family of cell-cell adhesion molecules, was detectable only in the myocardium and ESC bodies. Obviously, the disruption of the cell contacts by protease digestion switched off the transcription of CDH11.
We next investigated by identification of SOM analysis clusters of genes with similar regulation during ESC differentiation. We found clusters of genes that were upregulated, downregulated, or transiently expressed during the course of differentiation (Fig. 3B ). Cluster 7 (Fig. 3B) of the SOM represents genes with upregulated expression during ESC differentiation, which were also present in adult mAC and mHeart. The top 50 genes from this cluster are shown as a heat map (Fig. 4A ) and include typically a number of cardiacspecific genes including TTN, MYH6, ATP2A2, ACTN2, and TNNT2. These genes were previously described as being upregulated during the differentiation of an human ESC line to a cardiomyocyte-like phenotype (2) .
Cluster 1 contains genes with downregulated expression during ESC culture. This cluster comprises genes that are known to regulate ESC pluripotency like NANOG, OCT4 (POU5F1) (20) , and SOX2 (48) or were found to be enriched in undifferentiated ESC such as DNMT3B (4), E-cadherin (CDH1) (8) , and LIN28 (11) (Fig. 4B) .
Cluster 8 of the SOM contains genes with a transient expression pattern during ESC differentiation, whereas their expression was almost undetectable in undifferentiated ESC, ESC-derived cardiomyocytes, mAC, and mHeart, respectively. The top 50 genes of this cluster are shown in Fig. 4C . Typical genes in this cluster are DLK1 and RBP4, which are found in adipocytes (for details see online supplemental material 1 ). TF involved in ESC differentiation. TF are essential for the regulation of the genome during differentiation. For the analysis of TF regulation, we used the Pfam-based classification of the human genome and identified those TF within the top 1,000 genes showing the highest coefficient of variation. Hierarchical clustering of microarray data by the top 50 TF revealed four characteristic groups, which appear expressed in the early (culture d0 -d3; cluster C 1 ), midterm (d7-d10; cluster C 2 ), midterm with sustained expression (d7-d10; cluster C 3 ), or late (d7-d17; cluster C 4 ) phase of ESC cardiac differentiation and cardiomyocyte enrichment (Fig. 5 ) and which were confirmed by real-time RT-PCR analysis (Fig. 6C) . TF found in the late phase of the ESC differentiation during antibiotic selection were also detectable in adult cardiomyocytes and murine myocardium, respectively. Dissociation of cardiac bodies and cardiomyocyte seeding resulted in the downregulation of TF typically expressed in the developing heart (HAND2, MRG1) or in cardiac precursor cells (ISL1) (27) , respectively. As expected, TF that regulate pluripotency, like OCT4 (POU5F1) and NANOG, were downregulated early when differentiation was induced by LIF withdrawal (Fig. 5B) . In parallel MYBL2, an MYB-family member of TF that is involved cell cycle progression (40) was downregulated within 7 days of differentiation. Typical TF that are transiently expressed during formation of EBs are ISL1 and HEY2. Whereas ISL1 was found to be present in cardiac precursor cells, HEY2/ CHF1 was found to be involved in cardiac hypertrophy regulation (51) , and its functional interruption resulted in defects during heart development (37). Interestingly, FOXA1, FOXA2, and FOXA3 were found to be upregulated in parallel. They are expressed in tissues of endodermal origin and belong to the hepatocyte nuclear TF (15, 18) . Thus, at this stage of differentiation, multiple cell lineages were present in the culture, and notably endoderm-related factors were found to be upregulated.
HAND2 and MEF2C, which are characteristic for the differentiation of cardiomyocytes and heart development, are present in a late cluster of TF (44) . Notably, we found that under our ESC culture conditions a pattern of TF was expressed that has clear similarities to the TF network found during embryonic heart development (35) (Fig. 5) . Due to the series of TF expression in our cell culture model, we propose a TF network as shown in Fig. 5C .
Myocardial genes. Genes responsible for cardiomyocyte function are expected to be upregulated before day 10 of differentiation, since beating EB were observed at this stage. Addition of antibiotics for the enrichment of cardiomyocytes on day 11 may further increase the expression levels of respective genes. Accordingly, we found that the expression of early cardiomyocytespecific TF, such as GATA4 and NKX2.5, can be detected at day 7, whereas the expression of their respective target genes, i.e., atrial natriuretic peptide and cardiac troponin C, is strongly induced after day 12 (Fig. 6, A and B) .
In accordance with the positive chronotropic effect of isoprenaline on fully differentiated mESC, ␤1-adrenergic receptor 1 The online version of this article contains supplemental material. Fig. 4 . Clustering of microarray data. A: top 50 genes from SOM cluster 7 (see Fig. 3B ) containing genes that are upregulated during mESC differentiation into cardiomyocytes. B: top 50 genes from SOM cluster 1 (see Fig. 3B ) containing genes that are downregulated during mESC differentiation. C: top 50 genes from SOM cluster 8 (see Fig. 3B ) containing genes that are transiently expressed throughout ESC differentiation. expression (ADRB1) increases during differentiation with a peak level at day 14 when expression is even higher than in primary adult murine cardiomyocytes (Fig. 6B) . Surprisingly, the ␤2-adrenergic receptor (ADRB2) is expressed constitutively at a lower level during differentiation of ESC.
In comparison, genes involved in the electromechanical coupling of cardiomyocytes including SERCA2A (ATP2A2) and connexin 43 (GJA1) and 45 (GJA7) are detectable even in undifferentiated ESC. The highest expression level of SERCA2A was found after day 12, when also the ryanodine receptor 2 (RYR2), triadin (TRDN), the Na ϩ -Ca 2ϩ -exchanger (SLC8A1), and the L-type Ca 2ϩ channel ␣1c-subunit (CACNA1C) show their highest expression levels. Thus, an orchestrated expression of components of the excitation-contraction coupling appeared to be induced in seeded, selected cardiomyocytes (Fig. 6, A and B) .
DISCUSSION
The differentiation of pluripotent ESC to cardiomyocytes is well established. However, differentiation of human ESC to cardiomyocytes depends on feeder layer cocultures. The murine CM7/1 cell line investigated here can be differentiated by simple cell culture techniques and therefore provides a means to study ESC differentiation without contaminating non-ESC cocultures. CM7/1 can be kept in an undifferentiated state by LIF, as was reported before for other murine ESC (43, 49) . However, this cell line can be used for the enrichment of ESC-derived cardiomyocytes since antibiotic selection allows the cultivation of almost pure cultures of cardiomyocytes even in bioreactors, which are pharmacologically competent to respond to catecholamines and endothelin-1 stimuli. Thus, CM7/1 might be regarded as a model system of the ideal ESC-derived cardiomyocyte for cell replacement therapies or drug target screening, respectively.
However, little is known on the mechanisms of mouse ESC-differentiation to cardiomyocytes and especially on the regulation at the transcriptional level. Therefore, in this study we analyzed the changes of the whole transcriptome during differentiation of CM7/1 to cardiomyocytes. We also isolated mAC and murine ventricular myocardium and compared their gene expression patterns to the pattern of isolated terminal differentiated cardiomyocytes derived from CM7/1. The overall gene expression patterns analyzed by PCA revealed a striking change of the transcription patterns from undifferentiated ESC to differentiated, enriched cardiomyocytes. The PCA also indicated that the gene expression profile of cardiomyocytes derived from ESC is highly similar to that of isolated mAC. Surprisingly, on this level of analysis the transcriptome of mAC was closely related to the gene expression pattern found in murine myocardium, although the myocardium consists of multiple other lineages, such as fibroblasts, endothelial cells, and smooth muscle cells, and only ϳ30 -35% of the cell nuclei are actually found within cardiomyocytes (30) . The overall interpretation of this finding is that the contribution of endothelial cells and cardiac fibroblasts, the two other major cell types within the heart, to the myocardial transcriptome is rather low compared with the contribution of the cardiomyocyte-derived transcripts. This notion is further supported by the fact that expression levels of typical endothelial marker genes like von Willebrand factor or PECAM or cardiac fibroblast markers like vimentin are surprisingly low in our microarray data. Thus, the transcriptome of the myocardium appears to be dominated by the cardiomyocyte mRNA of the ventricles.
We looked at changes of the transcriptome during significant time points of the CM7/1. We analyzed probes at the undifferentiated state (d0), after LIF withdrawal on cell culture plates (d3), after development of EB in spinner culture (d7), before (d10) and after (d12) induction of antibiotic selection, in mature CB (d14), and finally after trypsinization of CB in isolated plated CM7/1-derived cardiomyocytes (d17).
ESC are pluripotent cells giving rise to all three germ layers. The gene expression patterns analyzed in our study represent therefore the development of the transcriptome of different cell populations, which are differentiated in EB. However, cardiomyocyte specification and differentiation occurred at early stages of the culture since contracting EB were already observed as early as day 7 of the culture. In addition, it is known that the induction of the cardiomyocyte fate in mesodermal precursors needs the presence of endodermal cells (28) . Recently, it was shown that specification and differentiation of cardiomyocytes in the anterolateral mesoderm during embryonic development are essential for the differentiation of cardiac myocytes and dependents on BMP and FGF signaling (for a review see Ref. 21 ). Based on our TF clusters we propose a TF network that leads to cardiomyocyte differentiation within the EB (Fig. 5C) . The network reveals some similarities with pathways analyzed in embryonic development (35) . We identified TF of the core regulatory network for cardiac development in clusters 2-4 (Fig. 5A) ; however, in contrast to previous reports in embryonic development the TF NKX2.5 did not appear early during cell culture but late in cluster 4. Thus, from our data we conclude that this TF does not belong to the upstream activators for cardiomyocyte differentiation in mESC.
Blocking of the canonical Wnt pathway was shown to be essential for the induction of cardiogenesis (9) . In addition, SOX17 was found to be essential for the specification of mesodermal cells to cardiomyocytes (19) . Thus, differentiation of cardiomyocytes from mesodermal precursors depends on the interaction with endodermal cell types. These cells might indeed be present in our EB, since we identified at culture days 7-12 the expression of the transcription factors FOXA1 and FOXA2, which are required for the development of endodermderived cell types (10) and especially hepatic specification (18) . SOX17 was transiently expressed in the second cluster of TF (see below) but was switched off during selection and isolation of ESC-derived cardiomyocytes. It was therefore not detectable in isolated mAC but in murine myocardium, indicating that SOX17-expression might be restricted to nonmyocardial cells of the myocardium.
We then focused our analysis on the gene expression patterns of TF in the developing cell culture of CM7/1 and identified four different clusters of TF, which are associated with undifferentiated ESC, EB formation, and enriched ESC-derived cardiomyocytes, respectively. From our data we conclude that in the early undifferentiated state of ESC a set of TF is transiently upregulated, which is mandatory for the maintenance of pluripotency and distinct from those expressed during EB formation and in differentiated cardiomyocytes. Typically OCT4 (POUF5) and SOX2 expression (48) is reduced in our cell culture system after LIF withdrawal. Both TF are known to be expressed in ESC and were recently shown to be essential to reinduce pluripotency in fibroblasts (45) . However, OCT4 and SOX2 were also reported to be found in cancers of breast, pancreas, colon (26) , adenocarcinomas (46) , and prostate (12) . In our culture system these TF were switched down to undetectable levels after day 14 in differentiation culture, indicating that undifferentiated cells might still be present even 3 days after antibiotic-driven enrichment of cardiomyocytes.
ESC cultures were claimed to be of relevance for developmental biology (31) . In 1985 Doetschman et al. (6) reported that all three germ layers are present in EB derived from ES cells, and some morphological similarities between EBs and day 6 -8 mouse embryos have been described. It was also reported that in EB a considerable number of cells (ϳ30%) spontaneously develop a cardiomyocyte phenotype. We found in our ESC cultures clusters of TF, which represent the core regulatory network of cardiac development (35) . The development of the mammalian heart is dependent on the differentiation of mesodermal cells to cardiomyocytes and complex looping processes after formation of the primary and secondary heart fields. TF were reported to be involved in both processes. For instance the knockout mice for the TF GATA4 (17) and Nkx2.5 (22) do not prevent cardiomyocyte differentiation but do affect heart morphogenesis. In our culture system FoxH1 appears to be upstream of Isl1, which is in contrast to in vivo studies (47) . In addition, in vivo the upstream activators appear to be different between the primary and secondary heart field (35) giving rise to the left or right ventricles, respectively. These differences might be due to the fact that ESC cultures inevitably are models for cardiomyocyte differentiation, whereas morphogenic processes cannot be simulated in EB. Therefore, the transcriptome analysis in this study provides further candidates of pluripotency regulation and cardiomyocyte differentiation in a recombinant murine ESC line. Thus, the transgenic line CM7/1 is an efficient tool for the analysis of the transcriptional network leading to cardiomyocyte specification and differentiation.
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